Combined application of nitrogen (N), phosphorus (P), and potassium (K) is a valuable practice to improve the growth and physiological activities of cotton, especially during a boll setting. The main purpose of this research was to investigate the effects of the different combined ratios of nitrogen (N), phosphorus (P), and K (potassium) on morpho-physiological activities of Bacillus thuringiensis (Bt) cotton genotypes Siza 1 and Sikang 1 during the cotton boll development stage. A two-year (2016-2017) field experiment was performed in which the total amount of combined N, P, and K were applied at different levels, B1 = 150 N, 0 P 2 O 5 , and 0 K 2 O kg ha −1 (control), B2 = 150 N, 45 P 2 O 5 , and 90 K 2 O kg ha −1 , B3 = 150 N, 90 P 2 O 5 , and 135 K 2 O kg ha −1 , and B4 = 150 N, 135 P 2 O 5 , and 180 K 2 O kg ha −1 . Results revealed that combined application of N, P, and K significantly increased boll length by 5.8% and 2.3%, fresh boll weight by 12.2% and 16.4%, dry lint weight by 15.2% and 1.7%, number of seeds boll −1 by 15.2% and 2.5% as well as dry boll shell weight by 11.0% and 4.9% as compared with the treatment without P and K (1:0:0) across two growing seasons. Furthermore, superoxide dismutase activity was improved by 2.3% and 15.6% and soluble protein by 5.1% and 14.1% as compared with the control, respectively. Our study indicated that combined application of N, P, and K at appropriate ratios enhanced morpho-physiological activities (boll length, boll width, boll weight, protein content, sugar content, and superoxide dismutase) of cotton during boll development and generally the ratio of 150:135:180 considerably performed best amongst all treatments during two growing seasons in this study.
Introduction
Cotton is one of the most important cash crops, specifically cultivated for fiber and oilseed production. Globally, cotton is planted in more than 75 countries occupying more than 30 million hectares [1] . In the past two decades, Bacillus thuringiensis (Bt) cotton has been widely extended in (b) Sampling date: Samples were collected at the 3 rd , 10 th , 17 th , 24 th , 31 st , 38 th , 45 th , and 52 nd day after flowering (date of tagging), respectively. For each treatment, 10 bolls and their corresponding leaves were sampled for boll growth and physiological determinations.
Boll Measurements
(a) Boll growth parameters: From each treatment five bolls were collected from field randomly for the determinations of growth parameters such as boll size (length and width). The data was measured with Vernier caliper by following the method in [17] with minor modifications. (b) Volume and fresh boll weight: Volume was determined immediately after collecting the sample from the field. The five bolls of cotton were soaked in labeled cylinder contained water and measured the results of water displacement according to the method in [18] with minor modifications. Then the fresh weight of five bolls was determined by an electronic scale. (c) Dry boll weight: The bolls were kept in an oven at 60 • C until constant weight. When the bolls were completely dried, the weight of dry boll shell weight, seed weight, and dry lint weight were measured with an electronic scale and converted into an average with minor modification [19] . The number of seeds was determined by counting the number of seeds boll −1 according to the method with minor modification [20] .
Physiological Parameters
Five bolls for each treatments were sampled and immersed in liquid nitrogen for 15 min and stored at −80 • C for physiological determination. Different parameters were determined including seed soluble protein, soluble sugar, and SOD activity.
(a) Soluble seed protein: For the extraction and analysis of soluble proteins, approximately 0.5 g of seed sample was used. The samples were homogenized at 4 • C in 5 mL Na-phosphate buffer (pH 7.2) and then centrifuged at 4 • C for 15 min. The supernatants were stored on ice for further analysis. The contents of soluble protein were determined by using the Coomassie blue dye-binding assay [21] . Absorbance readings were converted into protein content using bovine serum albumin (BSA) as the standard curve. Supernatants and dye were pipetted in spectrophotometer cuvettes and absorbance was measured with a spectrophotometer (Model 721, Shanghai Mapada Instruments Co. Ltd, Shanghai, China) at 595 nm. (b) Soluble sugars: Seed samples of 0.5 g were collected from each treatment at different growth stages. The seed samples were completely dried at 105 • C in an oven. Soluble sugars of seeds were determined in ethanol extract by the phenol-sulfuric acid method according to the protocol in [22] . (c) Superoxide dismutase: Approximately 0.5 g of seed sample was used for the extraction and analysis of superoxide dismutase activity. The samples were homogenized at 4 • C and centrifuged at 10,000 rpm for 15 min. Later on the samples were stored on ice for further analysis. The SOD activity was assayed according to the method [23].
Yield and Yield Component
Number of bolls per plant and average boll weight were measured according to the method [24] . Opened bolls from tagged plants of each plot (the same ten plants used for plant growth determination) were counted, harvested, and air-dried to a constant weight.
Statistical Analysis
The experiment was conducted twice under the same environment conditions arranged in a 2 (varieties) × 4 (fertilizer levels) factorial completely randomized design with three replicates. Data presented in this study were the average of the two years. The average values across all the plants of each variable at (3 rd , 10 th , 17 th , 24 th , 31 st , 38 th , 45 th , and 52 nd day after flowering) were calculated for each treatment with in replicates. The data of each variable were subjected to analysis of variance (ANOVA) with the statistical package of MSTAT-C [25] . Treatment mean differences of each parameter were separated by the least significant difference (LSD) test if the F tests were significant at (p ≤ 0.05). The figures were generated by SigmaPlot 10.0 (SPSS Inc., Point Richmond, CA, USA).
Results
The boll length was affected by cultivar, ratio of N, P, and K, and their combination at 3, 10, 17, 38, and 52 days after flowering (DAF) during the first year and at 17 to 52 DAF during the second year (Table 1) , but no significant differences were observed for boll length at 24, 31, and 45 DAF in 2016 and at 3 and 10 DAF in 2017. Siza 1 was 5.8% and 2.3% higher in boll length at 3 and 10 DAF as compared with Sikang 1 during the first year. The boll length was increased by 5.4% at the ratio of 1:0.3:0.6 at 3 DAF, and increased by 0.9% and 15.4% at the ratios of 1:0.6:0.9 and 1:0.9:1.2 at 45 DAF during the first year. However, during the second year the boll length was increased by 10.1% at the ratio of 1:0.3:0.6 at 45 DAF, and increased by 11.0% and 14.0% at the ratios of 1:0.6:0.9 and 1:0.9:1.2 at 38 and 45 DAF as compared to control (1:0:0), respectively. Furthermore, the boll length was decreased by 5.9% and 2.1% at the ratios of 1:0.3:0.6 and 1:0.9:1.2 at 45 and 17 DAF during the first year, and decreased by 4.2% at the ratio of 1:0.3:0.6 at 52 DAF during the second year. The cotton boll width was affected by cultivar, ratio of N, P, and K, and their combination at 3, 10, 31, 38, and 52 DAF in 2016 and at 10, 24, 38, 45, and 52 DAF in 2017 ( Table 2 ). No significant differences were observed for boll width at 24 and 45 DAF during the first year while at 3, 17, and 31 DAF during the second year. Siza 1 was 7.5% and 1.0% lowered at 38 DAF during the two growing seasons compared to Sikang 1. In 2016, at 17 DAF the boll width was increased by 10.1% and 1.8% at the ratios of 1:0.3:0.6 and 1:0.9:1.2 and at 31 DAF increased by 3.7% at the ratio of 1:0.6:0.9 as compared to control, respectively. However, in 2017 it was increased by 2.0%, 12.0%, and 4.3% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 at 24 DAF. Additionally, at 31 DAF the boll width was decreased by 2.4% and 3.4% at the ratios of 1:0.3:0.6 and 1:0.9:1.2, and at 38 DAF decreased by 4.1% with the ratio of 1:0.6:0.9 during the first year.
Fresh boll weight was also affected by cultivar, ratio of N, P, and K and their combination at 10, 17, 31, 38, 45, and 52 DAF in 2016 and at 10, 17, 24, 38, 45 , and 52 DAF in 2017 ( Table 3 ), but no significant differences were seen at 3 and 24 DAF in the first year and at 3 and 31 DAF in the second year. Siza 1 was 12.2% and 16.4% higher at 10 and 17 DAF in 2016-2017 compared to Sikang 1. During the first growing season, at 45 DAF the fresh boll weight was increased by 6.6%, 8.4%, and 0.5% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 as compared with control, respectively. However, during the second growing season, at 45 DAF it was also increased by 8.8%, 8.3%, and 0.5% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2. Moreover, at 31 DAF the fresh boll weight was decreased by 1.9% and 7.4% at the ratios of 1:0.3:0.6 and 1:0.9:1.2 during the first year while at 24 DAF decreased by 4.2% and 2.0% at the ratios of 1:0.3:0.6 and 1:0.9:1.2 during the second year.
Dry lint weight was affected by cultivar, ratio of N, P, and K and their combination at 10, 17, 38, and 52 DAF in 2016 and at 3, 17, 24, 31, 45, and 52 DAF in 2017 (Table 4 ), but no significant differences were seen at 3, 24, and 45 DAF in the first year while at 10 DAF in the second year. Siza 1 was 15.2% and 8.6% higher in lint weight at 10 and 17 DAF during two growing seasons compared to Sikang 1. During the first year, at 10 DAF, the dry lint weight was increased by 3.7% at the ratio of 1:0.3:0.6, and at 17 DAF increased by 20.7% and 51.7% at the ratios of 1:0.6:0.9 and 1:0.9:1.2 compared to control, respectively. However, during the second year at 17 DAF, it was also increased by 6.6%, 26.3%, and 1.3% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2. Furthermore, at 52 DAF the dry lint weight decreased by 28.4%, 30.7, and 50.2% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 during the first year, respectively.
The number of seeds boll −1 was affected by cultivar, the ratio of N, P, and K and their combination at 10, 17, 24, 31, and 38 DAF in 2016 and at 17, 24, 31, 38, 45 , and 52 DAF in 2017 (Table 5 ), but no significant differences were observed at 3, 45, and 52 DAF during the first year while at 3 and 10 DAF during the second year. Siza 1 was 15.2% and 2.5% higher in number of seeds boll −1 at 10 and 38 DAF in 2016, compared to Sikang 1. The ratio of 1:0.3:0.6, increased the number of seed boll −1 by 2.5% at 10 DAF, and the ratios of 1:0.6:0.9, and 1:0.9:1.2 increased by 3.0% and 32.0% at 17 DAF during the first year as compared to the control, respectively. However, the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 it was also increased the number of seeds per boll −1 by 14.4%, 20.7%, and 17.7% at 17 DAF during the second year, respectively. Moreover, the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 decreased by 33.5%, 31.7%, and 18.3% at 31 DAF during 2017.
The SOD activity was not affected by cultivar, ratio of N, P, and K and their combination at all the growth period of boll development in 2016, but significant differences were seen at 3 to 31 DAF except at 38 DAF in 2017 (Table 6 ). Compared with Sikang 1, Siza1 was 2.3% higher in SOD activity at 31 DAF. However, the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 increased the activity by 148.0%, 283.0%, and 235.0% as compared to control, respectively. Dry boll shell weight was affected by cultivar, ratio of N, P, and K and their combination at 3, 10, 17, 31, 45, and 52 DAF in 2016 and at 3, 10, 24, 31, 38, and 45 DAF in 2017 (Table 7) , but no significant differences were observed at 24 and 38 DAF during the first year and at 17 and 52 DAF during the second year. Siza 1 was 11.0% and 4.9% higher in boll shell weight at 10 and 52 DAF in 2016 compared to Sikang 1. The ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 increased the boll shell weight by 8.2%-6.7%, 24.7%-6.7%, and 1.5%-18.0% at 45 DAF during the two growing seasons as compared to the control, respectively. However, the ratio of 1:0.3:0.6, decreased the dry boll shell weight by 27.3% and 8.7% at 31 and 38 DAF during 2016-2017, respectively. Table 8 . Effects of the ratio of nitrogen, phosphorous, and potassium application on the boll volume of two cotton cultivars Siza 1 and Sikang 1. The boll volume was affected by cultivar, ratio of N, P, and K and their combination at 3, 10, 17, 24, 31, 38, 45, and 52 DAF (Table 8 ). Compared with Sikang 1, Siza 1 was 12.3% and 11.3% higher in boll volume at 3 and 10 DAF. At 31 DAF, the boll volume was increased by 0.3% and 16.6% at the ratios of 1:0.3:0.6 and 1:0.6:0.9 and at 24 DAF, increased by 14.0% at the ratio 1:0.9:1.2 as compared with control, respectively. In addition, at 24 DAF it was decreased by 14.0% at the ratio of 1:0.3:0.6 and at 31 DAF, decreased by 11.3% and 4.4% at the ratios of 1:0.6:0.9 and 1:0.9:1.2, respectively. The boll volume was increased until 10 DAF, decreased at 17, 24, and 31 DAF and re-increased at 38, 45, and 52 DAF.
Cultivars
The seed weight was affected by cultivar, ratio of N, P, and K and their combination at 17, 38, 45, and 52 DAF in 2016 while at 24, 31, 45, and 52 DAF in 2017 (Table 9 ), but no significant differences were observed at 24 and 31 DAF in the first year and at 17 and 38 DAF in the second year. Siza 1 was 1.4% and 10.6% higher in seed weight at 24 and 52 DAF during the second year compared to Sikang 1. The seed weight was increased by 19.0%, 13.2%, and 22.3% at 38 DAF at ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 during the first year as compared with the control, respectively. However, it was also increased by 32.0%, 24.2%, and 38.7% at 31 DAF with the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 during the second year. Moreover, the seed weight was decreased by 26.3% and 39.3% at the ratio of 1:0.9:1.2 at 52 DAF during the two growing seasons.
Protein content was affected by cultivar, ratio of N, P, and K, and their combination at 3, 10, 17, 24, and 45 DAF in 2016 and at 3 to 45 DAF in 2017 (Table 10 ), but no significant differences were observed at 31 and 38 DAF during the first year. As compared with Sikang 1, Siza1 was 5.1% and 14.1% higher in protein content at 27 and 24 DAF in 2016. The protein content was increased by 1.3%-10.4%, 6.8%-31.0%, and 6.1%-25.2% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 as compared with the control during 2016-2017, respectively. In addition, it was decreased by 0.2%, 24.2%, and 1.3% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 at 10 DAF during the first year while it decreased by 11.0% with the ratios of 1:0.6:0.9 at 3 DAF during the second year. The soluble protein was initially increased at 3 and 10 DAF and decreased until 45 DAF in both years.
Similar to the protein content, soluble sugar was affected by cultivar, ratio of N, P, and K, and their combination at 10 to 45 DAF except at 3 DAF (Table 11 ). Siza 1 was 19.4% and 33.1% higher in sugar content at 17 and 24 DAF compared to Sikang 1. At 10 DAF, the sugar content was increased by 4.5%, 24.5%, and 51.1% at the ratios of 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 as compared to the control, respectively. However, at 10 and 45 DAF it was decreased by 7.1% and 0.7% with the ratios of 1:0.3:0.6 and 1:0.9:1.2. Soluble sugar content was initially increased at 3 to 10 DAF, decreased at 17 DAF and re-increased until 45 DAF. Table 11 . Effects of the ratio of nitrogen, phosphorous, and potassium application on sugar content mg g −1 of Siza 1 and Sikang 1.
Ratio of N, P, and K Number of bolls plant −1 and average boll weight was affected by cultivar, ratio of N, P, and K, and their combination in (Figure 1) . Compared with Sikang 1, Siza 1 was 38.2% and 4.6% higher in a number of bolls plant −1 and average boll weight. Number of average boll weight was increased by 1.0% and 1.7% with the ratios of 1:0.3:0.6 and 1:0.9:1.2. However, the number of boll plant −1 decreased by 16.8%, 14.7%, and 2.0% with the ratios 1:0.3:0.6, 1:0.6:0.9, and 1:0.9:1.2 compared to the control, respectively. 
Discussion
Nutrients, particularly the combined application of N, P, and K, play an important role in plant growth and productivity and/or are involved in different biological activity [26] . In the past decades, cotton growers and cotton physiologists paid more attention to the N application as compared to P and K. In the present study, we demonstrated the effects of different ratios of the combined application of N, P, and K on the boll development of two Bt cotton cultivars i.e., Siza 1 and Sikang1. This research added new knowledge on the importance of the combined application of N, P, and K on cotton production. In our study, the combined application of nutrients improved the plant growth parameters such as boll length, boll width, lint of cotton as well as physiological activities during both growing seasons. Similarly, Usherhood and Segars [27] suggested that the combination of N with the P nutrient improves the growth and productivity of cotton, but in the present study, we added P with N and K, which was significantly observed in the enhancement of plant growth and development together.
Furthermore, our data showed that the combined ratios of 1:0.9:1.2 had significantly increased the fresh boll weight across two years with varying response among different treatments ( Table 3) . The Sikang 1 cultivar has shown the best response under the higher ratios of combined N, P, and K (1:0.9:1.2) at 52 DAF during the two growing seasons. Our consequences were similar with the findings in [28] , who reported that boll weight had positively augmented with the increasing rate of N and K. In the presence of a single application of N, cotton produced and retained a smaller number of boll and boll weight. In the contemporary work, the fresh boll weight was primarily increased at 10 DAF, decreased at 24 DAF, and re-increased at 52 DAF during the first year while it was increased at 17 DAF, decreased at 38 DAF, and again increased at 52 DAF during the second year, respectively. The possible reasons for the increase and decrease on different days after flowering (DAF) could be the climatic variations across the two years.
Aforementioned, the dry lint weight of cotton was enhanced during boll development (Table  4 ). Our results are in unison with the findings in [29] , who had reported that the application of N, P, and K fertilizers enhance the lint weight of cotton. Our data represents that combined ratios of 1:0.6:0.9 and 1:0.9:1.2 have increased the dry lint weight of Sikang 1 as compared with Siza 1 at most 
Furthermore, our data showed that the combined ratios of 1:0.9:1.2 had significantly increased the fresh boll weight across two years with varying response among different treatments ( Table 3 ). The Sikang 1 cultivar has shown the best response under the higher ratios of combined N, P, and K (1:0.9:1.2) at 52 DAF during the two growing seasons. Our consequences were similar with the findings in [28] , who reported that boll weight had positively augmented with the increasing rate of N and K. In the presence of a single application of N, cotton produced and retained a smaller number of boll and boll weight. In the contemporary work, the fresh boll weight was primarily increased at 10 DAF, decreased at 24 DAF, and re-increased at 52 DAF during the first year while it was increased at 17 DAF, decreased at 38 DAF, and again increased at 52 DAF during the second year, respectively. The possible reasons for the increase and decrease on different days after flowering (DAF) could be the climatic variations across the two years.
Aforementioned, the dry lint weight of cotton was enhanced during boll development (Table 4 ). Our results are in unison with the findings in [29] , who had reported that the application of N, P, and K fertilizers enhance the lint weight of cotton. Our data represents that combined ratios of 1:0.6:0.9 and 1:0.9:1.2 have increased the dry lint weight of Sikang 1 as compared with Siza 1 at most of the growth stages across the two years. Other research reported the effect of K on lint weight was higher than that of P. The addition of P on cotton did not have any positive or negative effect on lint yield and quality [30] . Thus on the priority of research work [30] and those agreed with the findings [29] , we concluded that the application of P fertilizer could be decreased without any negative effect on cotton lint yield and quality. Additionally, dry lint yield was significantly improved by K fertilizer, which was also reported [31] .
As compared with the single application of N, Siza 1 at 10 and 17 DAF with combined ratios of 1:0.3:0.6 and 1:0.9:1.2 had significantly increased the number of seed boll −1 (Table 5 ). Furthermore Sikang 1 also showed an increase in the number of seed boll −1 at 17, 24, and 38 DAF under the higher ratio of combine N, P, and K (1:0.9:1.2) during the first year. Comparatively in 2016, the ratio 1:0.9:1.2 had significantly increased Sikang 1 seeds boll −1 at 24, 38, 45, and 52 DAF as compared with Siza 1. Our results were not in line with the findings in [32] , who reported that the number of seeds boll −1 was reduced due to the higher application of N. In the present study, higher N application had enhanced the number of cotton seeds. In the current research, these differences might be responsible for the contribution of the P and K with N application. This research is supported by the results of Gormus et al. [33] who had found that the higher ratios of K significantly improved the number of cotton seed boll −1 .
The higher ratios of combined N, P, and K application enhanced the contents of soluble protein and soluble sugar. In the current study, Sikang 1 showed a higher number of soluble proteins as compared to Siza 1 with the ratios of 1:0.3:0.6 at 10 and 17 DAF during the first year (Tables 10 and 11 ). In addition, during the second year, Siza1 showed a higher number of protein contents as compared to Sikang 1 at 10, 17, 31, and 38 DAF with the ratios of 1:0.3:0.6 as compared to the control, respectively. Our results are in accordance with the findings of Chen and co-workers [34] , who reported that Bt cultivars have higher protein contents as compared to its parent cultivars. Siza 1, required more N as compared to its parental cultivar Sikang 1, which could be the possible reason for the higher protein content of Siza 1 during the second year.
The combined nutrients significantly improved SOD contents during the second year (Table 6 ). SOD contents were increased at all the respective growth periods except at 38 DAF during the first and second year. This might be because of the applied fertilizers or the effect of different environmental stresses. Our results are in agreement with the study of Hammad et al. [35] , who had reported that during stress plants release different kinds of antioxidant enzymes for reducing oxidative damage to detoxify ROS (reactive oxygen species) and ROS scavengers are those antioxidant enzymes that include superoxide dismutase (SOD), catalase (CAT), and peroxidase (POD). In 2016 and 2017, the cotton dry lint weight and number of seeds boll −1 was increased until 10 DAF and decreased from 17 to 45 DAF and was increased again at 52 DAF (Tables 4 and 5 ). It might be due to the applied fertilizer rates at different developmental stages. Our results are in accordance with the findings of Gormus et al. [33] , who reported that the fertilizer requirements for cotton development are different at various growth stages.
Conclusions
In this work, the ratios of N, P, and K (B1 = 150 N, 0 P 2 O 5 and 0 K 2 O kg ha −1 control, B2 = 150 N, 45 P 2 O 5 , and 90 K 2 O kg ha −1 , B3 = 150 N, 90 P 2 O 5 , and 135 K 2 O kg ha −1 , and B4 = 150 N, 135 P 2 O 5 , and 180 K 2 O kg ha −1 ) increased all the morpho-physiological activities where Siza 1 showed higher numbers of bolls plant −1 , average boll weight as well as soluble sugar contents. However, Sikang 1 exhibited higher boll length, boll width, fresh boll weight, dry lint weight, number of seeds boll −1 , dry boll shell weight, boll volume, and seed weight across both growing seasons. All these indices sorted out the best practices for achieving the higher cotton yield as compared with the single N application. The N, P, and K ratio of 1:0.9:1.2 was much appropriate during the two growing seasons for Sikang 1 cultivar. Therefore, it can be concluded from the findings that the appropriate combination of N, P, and K fertilizers and Sikang 1 variety is a promising alternative for good economic returns in the Yangtze River Valley of China.
